B
ecause obesity is reaching global epidemic proportions, novel strategies for weight reduction are urgently needed (1) . A nutraceutical weight loss supplement in widespread use is conjugated linoleic acid (CLA) (2) . CLA includes 28 naturally occurring isomers of linoleic acid, of which cis-9, trans-11 (9, 11) , and trans-10, cis-12 (10, 12) CLA are the most naturally abundant. Based on evidence that CLA reduces adiposity, formulations containing equal amounts of 9,11 and 10,12 CLA are available in supplement form for weight loss. Of the two primary isomers, 10,12 CLA is responsible for reducing adiposity (3); therefore, this fatty acid is under intense investigation in the obesity community. However, 10,12 CLA has also been associated with adverse effects such as inflammation and insulin resistance (4) , which lessens its appeal as a weight loss supplement.
A master regulator of adiposity, peroxisome proliferatoractivated receptor (PPAR)g, the most abundantly expressed PPAR isoform in adipose tissue, plays a major role in lipogenesis and differentiation of mature adipocytes (5) . In particular, PPARg activation directly increases gene expression of adiponectin (Adipoq), which maintains adipocyte lipid storage and improves whole-body insulin sensitivity (6, 7) . PPARg itself also plays a major role in glucose homeostasis by improving insulin sensitivity and decreasing hepatic glucose production, thereby lowering circulating glucose, fatty acids, and triglycerides (8, 9) . As such, thiazolidinediones (TZDs) such as rosiglitazone (Rosi) that target and activate PPARg are widely used for the treatment of type 2 diabetes mellitus (10) . We and others have shown that 10,12 CLA reduces PPARg expression and/or activity in cultured adipocytes by dramatically reducing triglyceride storage, mediated by decreased glucose uptake via glucose transporter 4, increased triglyceride lipolysis, and increased fatty acid oxidation (FAO), all processes that suggest PPARg antagonism (11, 12) . This raises the intriguing possibility that restoring PPARg activity in 10,12 CLA-treated adipocytes could alleviate some adverse effects attributed to this dietary supplement.
We have extended our previous in vitro findings to show that 10,12 CLA reduces PPARg expression in mouse adipose tissue (13) , as has been suggested previously (14) . In a mouse model of metabolic syndrome, mice receiving 1% 10,12 CLA on a high-fat, high-sucrose (HFHS) diet (a dose that appropriately mimics human CLA supplementation) lost considerable fat mass and gained lean mass but did not show improved insulin sensitivity over obese controls (13) . In addition, these mice lost considerable subcutaneous fat mass, while visceral fat mass remained unchanged, the opposite of that seen with PPARg agonists such as TZDs (15) . By contrast, a weight-matched calorically restricted control group that did not receive 10,12 CLA lost equivalent body weight but showed improved insulin sensitivity and blood glucose levels with maintained relative mass of subcutaneous white adipose tissue (WAT) (13) . Concurrently, 10,12 CLA reduced WAT Pparg and its downstream target Adipoq gene expression, which was not observed in the weight-matched control mice (13) . In addition, cotreatment with mixed CLA and Rosi has been previously shown to improve insulin sensitivity in mouse models during the early stages of obesity development (16) and in obese mice not displaying CLA-mediated weight loss (17) . We now expand these previous findings to examine the effect of 10,12 CLA on weight loss combined with Rosi treatment to improve insulin sensitivity in mice with established obesity and characteristics resembling a more humanoid metabolic syndrome phenotype. We hypothesized that Rosi supplementation would restore insulin sensitivity by blunting adipokine loss in HFHS-induced, obese, low-density lipoprotein receptor-deficient (Ldlr 2/2 ) mice supplemented with 10,12 CLA. The results from this study offer an approach to the treatment of obesity with a readily accessible therapeutic option for weight loss.
Materials and Methods
In vitro experiments CLA isomers were obtained from Nu-Check Prep (Waterville, MN) and conjugated to fatty acid-and endotoxin-free albumin (FAFA; Sigma-Aldrich, St. Louis, MO) at a 3:1 (CLA: albumin) molar ratio in 100 mM sodium hydroxide as described previously (18) ; 3T3-L1 fibroblasts (ATCC, Manassas, VA; mycoplasma-free) were grown to confluency and differentiated into cells resembling mature adipocytes as previously described (11) . Differentiated adipocytes were treated with FAFA or CLA, +/2 1 nM Rosi (Sigma-Aldrich), replenished daily for 7 days. Cells were given Rosi 2 days prior to CLA cotreatment to ensure adequate levels of PPARg substrate were present.
Gene expression
Total RNA (2 mg) from cells or frozen mouse tissue was reverse-transcribed into cDNA, and quantitative real-time polymerase chain reaction was performed using an Applied Biosystems (Carlsbad, CA) 7900HT system. Target genes were amplified using commercial TaqMan probe sets (Applied Biosystems), using b-2 microglobulin and glyceraldehyde-3-phosphate dehydrogenase as endogenous housekeeping controls. Gene expression was quantified using the comparative threshold cycle method and presented as a fold change from FAFA-treated control cells, or from epididymal WAT (EWAT) of mice fed the HFHS diet.
PPAR translocation assay
PPAR translocation was quantified using a PPARg, PPARa, or PPARd transcription factor assay kit from AbCam (Cambridge, MA) according to the manufacturer's instructions. Briefly, nuclear protein extracts were prepared from differentiated 3T3-L1 adipocytes following 7 days of the indicated treatments. A double-stranded DNA sequence specific for the PPARg, PPARa, or PPARd response element was used to capture each PPAR isoform from these nuclear protein extracts, and detected using an antibody specific for PPARg, PPARa, or PPARd in an enzyme-linked immunosorbent assay-based fashion. Bound nuclear PPARg is presented as optical density per milligram of nuclear protein.
Mouse study design
Ldlr 2/2 (C57Bl/6 background, Jackson Laboratories) mice were used due to their propensity to develop a phenotype resembling human metabolic syndrome, including insulin resistance, systemic inflammation, and obesity when fed a diet rich in saturated fat and sucrose with added cholesterol (19, 20) . Male mice were used because they more reliably become obese and insulin resistant than female mice (21) . Ten-week-old adult male mice were fed a HFHS (36% fat from lard, 36.2% sucrose) diet with 0.15% added cholesterol for 12 weeks to induce obesity and insulin resistance. Half the mice were then put on a HFHS diet containing Rosi maleate (purchased from SigmaAldrich and admixed into the HFHS diet at 10 mg/kg) for 2 weeks (Rosi pretreatment period), while the remaining mice continued on the HFHS diet. Mice were then placed on one of four diets for an additional 8 weeks: (1) HFHS diet, (2) HFHS + 10,12 CLA, (3) HFHS + Rosi, or (4) HFHS + 10,12 CLA + Rosi. Diets of 10,12 CLA replaced 1% (weight-to-weight ratio) of the lard isocalorically (Nu-Check Prep; .90% purity). Mice were randomized to test diets. All test diets were prepared by Bio-Serv (Flemington, NJ). This CLA dose appropriately mimics human CLA supplementation, based on calculations using a body surface area normalization method to compare human and mouse dose equivalencies (13, 22) . Mice were housed four to five per cage in a specific pathogen-free facility with ad libitum access to food and water. Body weights were recorded weekly. Blood was sampled after 12 weeks of HFHS feeding (baseline), after 3 weeks on test diets, and at euthanasia. Following isoflurane anesthesia, harvested tissues were snap-frozen in liquid nitrogen and stored at 270°C or were fixed with 10% neutralbuffered formalin and embedded in paraffin wax. All experimental procedures were undertaken with approval from the Institution Animal Care and Use Committee of the University of Washington, according to the eighth edition of the Guide for the Care and Use of Laboratory Animals (23).
Body composition
Measurements of body lean and fat mass were determined in live, conscious animals using quantitative magnetic resonance spectroscopy (EchoMRI-700TM; Echo MRI, Houston, TX) at baseline (9 weeks of HFHS feeding) and after 5 weeks on test diets. Measurements were performed by the University of Washington Nutrition Obesity Research Center Energy Balance Core, as described previously (24) .
Glucose homeostasis
An intraperitoneal glucose tolerance test (IPGTT) was performed on 4-hour-fasted mice after 10 weeks on HFHS diet (baseline), and again after 6 weeks of test diets. A glucose dose of 1.0 mg/kg lean body mass was administered followed by blood glucose measurements at 0, 15, 30, 60, and 120 minutes after injection. Area under the curve was calculated using Graph Pad Prism software. Intraperitoneal insulin tolerance testing was determined on 4-hour-fasted mice after 11 weeks on HFHS diet (baseline) and again after 7 weeks of test diets by injecting 1 U/kg lean body mass of human insulin intraperitoneally and measuring blood glucose at 0, 30, 60, and 120 minutes after injection.
Plasma analyses and hepatic lipids
Blood glucose was measured using a commercial glucometer (One Touch Ultra). Plasma insulin, adiponectin, and serum amyloid A (SAA) were measured as described previously (13) . Plasma interleukin-6 (IL-6) was measured using an enzymelinked immunosorbent assay from EMD Millipore (EZMIL6, Billerica MA), according to the manufacturer's instructions. Nonesterified fatty acids (NEFAs) were quantified from freshly isolated fasting plasma using a commercial assay (Wako Diagnostics, Mountain View, CA). Lipoproteins were separated from pooled plasma samples by fast-phase liquid chromatography. Liver lipids were extracted using a Folch technique as described previously (25) . Triglycerides and cholesterol were measured from fasting plasma, pooled plasma fast-phase liquid chromatography fractions, and extracted hepatic lipids as previously described (26) . Assays were performed in duplicate.
Statistical analyses
Power calculations to determine sample sizes were performed based on our previous work that to detect twofold to threefold differences in insulin levels (at 90% power), we will need 10 mice per group. Data were analyzed using GraphPad Prism 6 software (GraphPad, La Jolla, CA) and presented as mean 6 standard error of the mean. One-way analysis of variance was used to compare treatment groups. Two-way analysis of variance was used to compare the different diets at different time points, with Sidak or Tukey post hoc tests to detect differences between groups. A P value ,0.05 was considered statistically significant. Data collection was performed in a blinded fashion whenever possible.
Results
We previously showed that 10,12 CLA increases FAO while decreasing the expression of Pparg and its downstream target Adipoq in cultured adipocytes, leading to reductions in intracellular triglycerides (11) . We now show that Rosi restores gene expression and nuclear activity of PPARg and expression of Adipoq, with no effect on expression of the rate-limiting enzyme for FAO, carnitine palmitoyl transferase (Cpt)1a, in adipocytes treated with 10,12 CLA [ Fig. 1(a-d)] . Notably, cytosolic activities of PPARa and PPARd, transcription factors that control FAO, were activated by 10,12 CLA, with no effect of Rosi (not shown). These results suggest that 10,12 CLA decreases PPARg expression and activity, which are rescued by Rosi without altering the capacity for 10,12 CLA to promote FAO.
To determine whether Rosi improves 10,12 CLAmediated insulin resistance without compromising its weight loss effects, male Ldlr 2/2 mice were studied, as shown in Fig. 2 . After 14 weeks on a HFHS obesogenic diet, mice were continued on HFHS or switched to test diets containing 10,12 CLA, with or without Rosi, for an additional 8 weeks. As we have shown previously (13), 9,11 CLA was inert in this model (data not shown); 10,12 CLA promoted weight loss, which was maintained to a lesser degree by Rosi cotreatment [ Fig. 3(a) ]. While Rosi initially invoked hyperphagia, this eventually normalized Fig. 3(d) ]. Importantly, Rosi did not promote excess weight or fat gain. These results suggest that the addition of Rosi led to a redistribution of fat stores with a higher proportion of subcutaneous WAT.
Whereas weight loss in rodents and humans is well characterized to improve glucose metabolism (27), 10,12 CLA fails to do so (13) . This is clear by the increased insulin secretion in 10,12 CLA-supplemented mice that is necessary for equivalent glucose control as HFHS-fed mice during an IPGTT [ Fig. 4(a) and 4(b) ]. All mice given Rosi showed improved glucose tolerance, exemplified by reduced area under the curve of the IPGTT, including the 10,12 CLA + Rosi cotreatment group [ Fig.  4 (b) and 4(c)]. Improvements induced by Rosi were not due to enhanced insulin secretion [ Fig. 4(a) ]. Insulin tolerance, assessed by intraperitoneal insulin tolerance testing, was similarly improved by Rosi in all groups [ Fig. 4(d) ], including the 10,12 CLA + Rosi cotreatment group. The improvements in glucose and insulin tolerance by Rosi were partially attributed to improved fasting glucose levels [ Fig. 4(e) ]. Further, fasting insulin secretion improved with Rosi treatment, notably when combined with 10,12 CLA [ Fig. 4(f) ]. These results confirm that combined 10,12 CLA and Rosi treatment not only promotes weight loss, but also improves glucose metabolism.
Rosi exerts its effects by activating PPARg by unknown mechanisms (28) . However, it is likely that the insulin sensitizing effects of Rosi are mediated at least in part by increased adiponectin secretion from adipocytes (29, 30) . Due to the distinct loss of particular WAT depots including MWAT, RWAT, and IWAT by 10,12 CLA and the restoration of IWAT with Rosi, we measured Pparg and Adipoq expression from these WAT depots. As we reported previously (13), 10,12 CLA reduced Pparg and Adipoq expression from IWAT, with a trend toward decreased expression in MWAT and RWAT but no effect in EWAT [ Fig. 5 (a) Plasma adiponectin was reduced by 10,12 CLA and restored by Rosi to levels comparable to HFHS control mice [ Fig. 5(h) ]. These results suggest that Rosi restores the balance between adipogenesis and lipid catabolism necessary to promote efficient 10,12 CLA-mediated fat loss from WAT, with restoration of circulating adiponectin levels. Moreover, Rosi significantly decreased expression of Saa3 from most WAT depots [ Fig. 5(i) ]. SAA3 is an inflammatory chemokine expressed from both adipocytes and macrophages (31) . Mac2, a general macrophage marker, decreased in only MWAT and RWAT in response to Rosi [ Fig. 5(j) ], suggesting that reduced EWAT and IWAT Saa3 expression is likely driven by adipocytes and not macrophages. Taken together, the increased adipokine secretion coupled with reduced WAT inflammation in Rosi-treated mice suggests improved WAT insulin sensitivity (32). A potential mechanism of improved glucose homeostasis by Rosi is reduction in hepatic gluconeogenesis by adiponectin (9). However, expression of genes that regulate glycolysis and gluconeogenesis, including glucokinase, pyruvate kinase, and phosphoenolpyruvate carboxykinase, were unchanged by 10,12 CLA, Rosi, or the combination (Table 1) , although a trend toward decreased pyruvate kinase and phosphoenolpyruvate carboxykinase was observed in groups that received Rosi. Further, there are conflicting reports concerning the effects of Rosi on plasma lipids, with some studies showing a worsening and others a beneficial effect (33, 34) . Therefore, we quantified cholesterol and triglycerides from plasma and liver. Whereas all HFHS-based diets increased circulating triglycerides and cholesterol over time, Rosi did not alter this effect [ Fig. 6 (a) and 6(b)]. Consistent with this, plasma lipoprotein profiles were not significantly altered by Rosi, but total cholesterol in the low-density lipoprotein (LDL) and very-LDL fractions were reduced by 10,12 CLA alone [ Fig. 6(c) ]. Livers from mice treated with 10,12 CLA and Rosi were larger [ Fig. 6(d) ], but hepatic cholesterol and triglycerides were not significantly different between treatment groups [ Fig. 6 (e) and 6(f)]. The expression of several genes involved in hepatic lipid metabolism, including fatty acid synthase, acetyl coenzyme-A carboxylase, sterol regulatory element binding protein 1c, diglyceride acyltransferase 1, and carnitine palmitoyltansferase 1 a (Table 1) , were unaffected by 10,12 CLA, Rosi, or the combination. Notably, hepatic Pparg expression did not change with Rosi treatment (Table 1) . Circulating plasma SAA, a liver-derived inflammatory protein that is chronically elevated during obesity, was increased by 10,12 CLA and reduced following Rosi cotreatment [ Fig. 6(h)] , with a parallel effect on hepatic Saa2 gene expression [ Fig. 6(g)] . Similarly, plasma IL-6 was improved by Rosi treatment [ Fig. 6(i) ]. Collectively, these data suggest that in the context of metabolic syndrome, Rosi improves 10,12 CLA-mediated insulin resistance and hepatic inflammation without compromising its weight loss effects and does not significantly alter plasma or hepatic lipids.
Discussion
Although supplements containing 10,12 CLA are commonly used for weight loss, their efficacy, safety, and mechanism of action are still in question. We recently showed that although 10,12 CLA promotes fat loss, it does so without the expected improvements in glucose metabolism normally associated with weight loss (13) and suggests PPARg antagonism. We therefore hypothesized that cotreatment of obese mice with 10,12 CLA and a PPARg -activating insulin-sensitizer such as Rosi would promote fat redistribution and improve glucose homeostasis. Rosi was chosen, as it has been shown to promote less fat gain in mice than other TZDs such as pioglitazone, with comparable improvements in glucose metabolism (35) . Further, mouse and human models of PPARg deficiency show dramatic improvements in insulin sensitivity following TZD administration (36) , suggesting that this treatment strategy holds translational potential in humans. We now show that Rosi improves glucose and insulin tolerance without negative effects on plasma lipids or weight gain in 10,12 CLA-supplemented mice.
We have shown that Rosi reverses the 10,12 CLAinduced reduction in PPARg expression in cultured adipocytes. Subsequently, gene expression of a primary downstream target of PPARg, adiponectin, is also decreased by 10,12 CLA and reversed by Rosi treatment. However, the observation that nuclear PPARg translocation is not decreased by 10,12 CLA suggests that its ability to initiate gene transcription of downstream targets, rather than its nuclear translocation, is impeded. Additional potential mechanisms of PPARg activity suppression by 10,12 CLA include (1) increased activity of repressors such as nuclear receptor corepressor 1 (37); (2) inhibition of heterodimerization with nuclear retinoid X receptor, which would disable binding to PPAR response elements; or (3) altered posttranslational modifications of the PPARg protein such as phosphorylation (38) , sumoylation (39) , O-GlycNAcylation (40), acetylation (41), or ubiquitination (42) , any of which could impede the transactivation potential of PPARg. A future direction is to examine the PPARg inhibitory effects of 10,12 CLA at the molecular level.
Adiponectin is an adipokine secreted exclusively from adipocytes that is directly controlled by PPARg. Paradoxically, circulating adiponectin is inversely correlated with fat mass (43) , but closely correlated with insulin sensitivity (44) . Mice lacking adiponectin fail to show PPARg agonist-mediated improvements in insulin sensitivity (29) , highlighting the critical role for adiponectin in TZD-induced improvements to glucose tolerance. Mice consuming 10,12 CLA develop progressive adiponectin deficiency (13) , which, in theory, could reduce the efficacy of TZDs. However, our data shows that even small elevations in plasma adiponectin following Rosi treatment can contribute to major improvements in glucose metabolism.
Defective PPARg signaling has been linked to lipodystrophy, as humans with dominant-negative mutations in a single allele of Pparg have partial lipodystrophy (45) . In addition to reduced adipose tissue Pparg and Adipoq expression, mice consuming 10,12 CLA lose considerable subcutaneous fat mass and develop hepatic steatosis and hepatomegaly (46) , consistent with a lipodystrophic-like phenotype. Rosi administration favors adipogenesis in subcutaneous rather than visceral WAT (47) , which makes it an excellent candidate to reverse 10,12 CLA-induced subcutaneous lipoatrophy (13) . As expected, Rosi enhanced subcutaneous IWAT mass, which likely contributed to increased plasma adiponectin levels (48). However, Rosi had a surprisingly greater effect to increase Pparg and Adipoq gene expression in visceral EWAT than subcutaneous IWAT. Baseline levels of Pparg expression were equivalent between EWAT and IWAT, but baseline Adipoq expression was threefold higher in IWAT, suggesting that baseline PPARg activity is higher in IWAT at baseline. Therefore, we speculate that the induction potential of PPARg by Rosi is higher in EWAT, but how this specifically impacts adipogenesis, adiponectin secretion, and subsequent whole body insulin sensitization, and how these differ between subcutaneous IWAT and visceral EWAT, remains unknown.
Adipocyte PPARg protects nonadipose tissues such as the liver against ectopic lipid overload, which, in turn, preserves normal liver function. Activated adipocyte PPARg promotes a balanced secretion of adipokines such as adiponectin that mediate insulin action in peripheral tissues. Therefore, appropriate PPARg activation ensures maintenance of whole body insulin sensitivity (49) . Reduced plasma NEFA following Rosi treatment suggests that Rosi tips the balance toward adipocyte lipid storage, which, in turn, protects the liver from lipid accumulation (50) . Further, Rosi treatment improves systemic inflammation in humans (51) , and we now show that Rosi also improves 10,12 CLA-mediated SAA and IL-6 levels. The combination of 10,12 CLA and Rosi also increased liver size without worsening hepatic cholesterol or triglycerides, which, coupled with the reduced hepatic inflammation, suggests innocuous hepatic expansion. Consistent with this, a previous study in rats presenting with a metabolic syndrome phenotype showed that Rosi had favorable hepatic effects, including improved lipid metabolism, decreased macrovesicular steatosis, and reduced oxidative stress (52) .
In summary, we show that cotreatment with Rosi maintains significant weight and fat loss with a favorable redistribution of WAT toward subcutaneous sites, with concomitant improvements in insulin sensitivity and systemic SAA that were adversely affected by 10,12 CLA supplementation alone (13) . Further, we show no evidence of adverse side effects such as worsened lipoprotein profiles or hepatic steatosis previously reported with Rosi treatment, suggesting that a combined therapy with 10,12 CLA and a TZD such as Rosi could be a plausible strategy to combat human obesity.
